INTRODUCTION {#SEC1}
============

The nuclear genome is replicated primarily by three DNA polymerases ([@B1]): DNA polymerase α (pol α) and δ (pol δ) synthesize the lagging strand, while DNA polymerase ϵ (pol ϵ) continuously synthesizes most of the leading strand ([@B2],[@B3]). This phenomenon has also been described as the 'division of labor' among replicative polymerases. The stringent discrimination by replicative DNA polymerases limits their ability to replicate DNA at sites where the template strand is difficult to replicate, or damaged ([@B4]). These sites in the genome may cause the replication fork to stall. Alternatively, helicases can uncouple from the stalled DNA polymerase and continue to unwind the double strand further allowing DNA synthesis on one strand to continue but leaving stretches of unreplicated single strand DNA in front of the stalled polymerase ([@B5]). To prevent DNA breaks and replication fork collapse, cells can synthesize across such sites through a mechanism called translesion synthesis (TLS). TLS is facilitated by a number of specialized DNA polymerases equipped to handle a variety of perturbations ([@B6]).

DNA polymerase η (pol η) is best characterized by its ability to accurately bypass UV-induced thymine--thymine (T--T) dimers ([@B7]). All Y-family polymerases, such as pol η, possess a typical 'right-hand' structure that can adapt to the encountered DNA substrate. Its protective and beneficial role in normal cells is apparent when one considers the strongly increased predisposition for cancer in *Xeroderma Pigmentosum* Variant patients, which is caused by the impairment of TLS across DNA lesions due to loss of pol η function ([@B7],[@B8]). It is evident, however, that in addition to TLS of UV-induced lesions, pol η also has several other cellular roles, such as promoting somatic hypermutation ([@B9],[@B10]), replication of common fragile sites ([@B11],[@B12]), replication of recombination intermediates ([@B13],[@B14]), replication of cohesion-bound DNA ([@B15]) and the maintenance of telomere DNAs in undamaged cells ([@B16],[@B17]).

Given that TLS pol η also participates in a variety of DNA transactions in undamaged cells, it is of interest to know where in the genome pol η is active and if there is a strand bias (leading vs. lagging) for pol η's activities as observed for the replicative polymerases ([@B1]). As previously shown for the replicative DNA polymerases α, δ and ϵ, ribonucleotide incorporation by their respective steric gate variants can be used to track DNA polymerase activity with high resolution. Using the HydEn-seq method, which maps incorporated ribonucleotides genome-wide at single nucleotide resolution level ([@B3]), a footprint of the polymerase is revealed. To understand where pol η may gain access to the DNA and compete with replicative polymerases we studied its function in *Saccharomyces cerevisiae*. We utilized a steric gate mutant of pol η (*rad30-F35A*) that has an increased propensity to incorporate ribonucleotides into DNA, but also possesses an increased deoxyribonucleotide base-selection fidelity on undamaged DNA ([@B18]). To enhance the detection of pol η-dependent ribonucleotide incorporation, we made use of strains where *RNH201* was deleted and are therefore defective in ribonucleotide excision repair (RER), which is the major pathway for ribonucleotide removal. Since nucleotide excision repair (NER) serves as a back-up pathway for the removal of ribonucleotides incorporated into DNA in the absence of RER ([@B19]), NER was abolished by deletion of *RAD1* to further increase the detection of pol η-dependent incorporated ribonucleotides. Lastly, the strains lacked the catalytic subunit of DNA polymerase ζ (pol ζ) through deletion of *REV3*, which is responsible for the majority of spontaneous mutagenesis in yeast ([@B20],[@B21]) and which might compete with pol η for access to the undamaged DNA ([@B22]).

Our data reveal that pol η's activities can be tracked across the entire yeast genome and mapped to the lagging strand, where it competes with pol α and δ during genome replication. Furthermore, our data suggests that pol η prefers T--T template sequences and that pol η's strand-specificity is mediated by its PCNA-Interacting Protein (PIP) motif. Finally, in human melanomas we detected a weak strand bias for WA\>WG transitions attributed to pol η, suggesting an evolutionary conservation of strand specificity.

MATERIALS AND METHODS {#SEC2}
=====================

Experimental model and subject details {#SEC2-1}
--------------------------------------

All yeast strains used for this study can be found in the [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. All strains were freshly thawed from frozen stocks and grown to mid-log phase (OD~600~ ≈ 0.5) at 30°C in YPDA medium containing 0.1 mg/ml adenine.

*S. cerevisiae* strains {#SEC2-2}
-----------------------

*RAD1* and *REV3* deficient strains were constructed by replacing the *RAD1* and *REV3* gene with a *LEU2* cassette and *TRP1* cassette, respectively, using HR-mediated integration of PCR-generated fragments according to standard methods. *S. cerevisiae* yeast strains used were isogenic derivatives of strain *pol2-M644G rnh201Δ, pol2-M644L rnh201Δ, pol3*-*L612M rnh201Δ, pol3-L612G rnh201Δ, pol1-L868M rnh201Δ, pol1-Y869A rnh201Δ* and *rnh201Δ* ([@B3]). The *rad30-F35A rnh201Δ rad1Δ rev3Δ* and *rad30-F35A rnh201Δ* strains are derived from W303 and were previously described ([@B18]). The double mutant strains used in the experiments described were obtained by mating appropriate mutants and sporulating the resulting diploids. Freshly derived spore clones were frozen and subsequently genotyped by PCR verification. *RAD1* and *REV3* deficient strains (including *rad30-F35A(1--622))* were constructed by TopGene Technologies, Inc., Montreal, Canada.

HydEn-seq protocol {#SEC2-3}
------------------

The HydEn-seq protocol was performed essentially as previously described ([@B3]). Briefly, mid-log phase yeast cells from independent cultures were harvested and genomic DNA (gDNA) isolated using the MasterPure Yeast Purification Kit (Epicentre, no RNase A treatment). 1 μg of gDNA was hydrolyzed with 0.3 M KOH for 2 h at 55°C. DNA fragments were purified using ethanol precipitation, denatured and phosphorylated with 10 U of 3′-phosphatase-minus T4 polynucleotide kinase (New England BioLabs) for 30 min at 37°C, followed by heat inactivation at 65°C for 20 min. DNA was purified using CleanPCR beads (CleanNA), denatured and ligated to oligo ARC140 overnight at room temperature with 10 U T4 RNA ligase (New England BioLabs), 25% PEG 8000 and 1 mM CoCl~3~(NH~3~)~6~. After DNA purification with CleanPCR beads and denaturing, the ARC76-ARC77 adaptor was annealed for 5 min at room temperature. Second-strand synthesis was performed using 4 U of T7 DNA polymerase (New England BioLabs) and DNA purified with CleanPCR beads. Libraries were PCR amplified with primer ARC49 and index primers ARC79 to ARC107 using the KAPA HiFi Hotstart ReadyMix (KAPA Biosystems). Libraries were purified with CleanPCR beads and pooled for sequencing. 75-bp paired-end sequencing was performed on an Illumina NextSeq500 instrument, to locate 5′-ends generated by alkaline hydrolysis.

Sequence trimming, filtering and alignment {#SEC2-4}
------------------------------------------

Trimming for quality and adaptor sequence of all reads was performed with cutadapt 1.12 ([@B23]). Pairs containing one or both reads shorter than 15 nt were discarded. Bowtie 1.2 ([@B24]) was used to align Mate 1 of all remaining pairs to the list of index primers used to prepare the libraries; all matching pairs were discarded. All remaining pairs were aligned to the sacCer3 *Saccharomyces cerevisiae* reference genome with bowtie (-v2 --X2000-best). Single-end alignments were then performed for mate 1 of all unaligned pairs (-m1, -v2). The count of 5′-ends of all unique paired-end and single-end alignments was determined for all samples and shifted one base upstream to the location of the hydrolyzed ribonucleotide.

End count scaling and background subtraction {#SEC2-5}
--------------------------------------------

For visual comparison of individual libraries (Heatmaps and meta-analyses) end counts were normalized to counts per million uniquely mapped reads (divided by the total of uniquely mapped ends and multiplied by 1 000 000). For analyses of strand bias maps requiring weighted averaging of multiple libraries and background subtraction, end counts were scaled as previously described ([@B3]). For analyses, where individual replicates were combined to create an average dataset, samples were averaged after the normalization to per million reads mapped. To remove reads stemming from free 5′-ends, scaled end counts from strains with wild type polymerases were subtracted from the steric gate mutants. For the *pol2-M644G* variant, we used the *pol2-M644L rnh201Δ rad1Δ rev3Δ* variant as a control background, while for the pol α and δ variants we used the *rnh201Δ rad1Δ rev3Δ* variants as a control background. For each position where both the forward and reverse strands presented numeric values, the forward strand value was divided by the sum of the forward and reverse strand values. If no reads were encountered in both the forward and reverse reads, a no value was returned. If the forward read was numeric, but the reverse read was not numeric, then 1 was returned, For the inverse scenario where the reverse read was numeric but the forward read not, then a 0 was returned.

Statistical analysis {#SEC2-6}
--------------------

Statistical comparison of the bedgraph files and Braid plots ([Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}) was performed as follows: All reads in each bedgraph file were binned into 200 bp bins. For every chromosome, a Spearman correlation coefficient was calculated between every binned library. To obtain an average sample r value, a Fisher transformation was performed after which the mean across all chromosomes for each library was obtained. *Z*-scores were converted back into r values and this was plotted as a heatmap. Coding, plotting and statistics were performed using Pandas, Seaborn and Numpy.

Meta-analyses and heatmaps {#SEC2-7}
--------------------------

Total counts of the per-strain 5′-ends intersecting same- and opposite-strand bins centered on genomic features of interest (ACS, nucleotide dimers) were determined with custom tools, excluding all mitochondrial and telomeric annotations. For origins, reads from --2 kb to +2 kb around each of the known OriDB ACS sites (using liftOver to sacccer3) were scaled to per million reads and aggregated into bins of 50 bp (Figure [3](#F3){ref-type="fig"} and [Supplementary Figures S3 and S4](#sup1){ref-type="supplementary-material"}). Heatmaps generated with the R 'image' function depict counts in all bins. For origin meta-analyses the sum across all features was then obtained for both sample and control, and sample data was then divided by control data and plotted using R and ggplot2. Reads for each of the 16 possible dimers were gathered, scaled to per million reads mapped and positions 1 and 2 of the dimer were averaged (Figure [4](#F4){ref-type="fig"}). Reads present in telomeric or ribosomal regions were removed and replicates of the steric gate (*rad30-F35A*), non-steric gate (*RAD30*+) were averaged, and finally the fraction of steric gate reads was divided by the non-steric gate reads and plotted using ggplot2.

To determine whether sequence context was present in the distribution of included ribonucleotides, the number of true dimers present in the reference genome were counted. Dimers were defined as being flanked by bases dissimilar to those bases of the dimer, e.g. dimer TG could have A/C/G at the 5′, but not T and A/C/T/ at the 3′ end but not G. All other combinations were discarded and dimers in the telomeric and ribosomal regions were removed. The sum of each of the 16 possible dimers was divided by the total number of all true dimers in the genome to obtain a percentage which was plotted as a bar diagram.

To determine whether the pol η steric gate mutant incorporates ribonucleotides at preferred dimer sequences as opposed to purely random incorporation, a paired *t*-test was performed between the pol-η relative ratio values for the 16 dimers for each lagging, leading and none designated dimer sub-groups against a hypothetical value of 1 for each dimer which would have been the expected value if the steric gate mutant did not incorporate ribonucleotides due to sequence preference.

Analysis of TA→TG mutations in melanoma {#SEC2-8}
---------------------------------------

Coordinates of origins of replication were taken from sequence-derived 'N-domains' ([@B25]) and lifted over from hg17 to hg19 using liftOver ([@B26]), resulting in 1047 origins. Whole genome somatic mutation calls from the Australian Melanoma Genome Project (AMGP) cohort ([@B27]), downloaded from the International Cancer Genome Consortium\'s (ICGC) database ([@B28]), were pooled with whole genome mutations from The Cancer Genome Atlas (TCGA) melanoma cohort ([@B29]), called as described previously ([@B30]). Mutations overlapping with population variants (dbSNP v138) as well as duplicate samples from the same patient were removed, resulting in a total of 221 samples. The number of TA**→**TG mutations in the samples were counted and aggregated in 100 kb bins around the origins, and strand bias was calculated as the log~2~ ratio between the mutation counts of the top and bottom strands.

RESULTS {#SEC3}
=======

Using ribonucleotides to track pol η enzymology genome-wide {#SEC3-1}
-----------------------------------------------------------

To understand where pol η may gain access to undamaged DNA and compete with DNA replicases, we utilized a *RNH201* deficient yeast strain expressing the pol η-F35A variant that has an increased propensity to incorporate ribonucleotides into DNA ([@B18]). We mapped the locations of incorporated ribonucleotides by HydEn-seq, hydrolyzing the genomic DNA with alkali and sequenced the resulting single strand fragments using 75-bp paired-end sequencing. The reads were aligned to the sacCer3 genome and we determined the location of ribonucleotides genome-wide. We deduced the identity of the ribonucleotides for this strain and calculated the fraction of ends that mapped to the top strand and compared those data to previously published data for the three replicative DNA polymerases, DNA pol α, δ and ϵ (Figure [1](#F1){ref-type="fig"}, [Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}) ([@B3]). Specifically, we calculated the fraction of generated 5′-ends mapping to the top strand in bins of 200 bp for chromosome 10 to investigate the strand specificity of pol η more closely. A representative graph of chromosome 10 and magnifications are shown in Figure [1](#F1){ref-type="fig"}. DNA fragments from the *rad30-F35A rnh201Δ* strain aligned to the two DNA strands in an alternating pattern (Figure [1](#F1){ref-type="fig"}, light purple lines). We compared the 5′-end read counts from libraries of the pol η steric gate mutant to those generated by steric gate mutants of replicative pols α, δ and ϵ. We found that the strand specificity switches at origins of replication (Figure [1](#F1){ref-type="fig"}, red diamonds) and that the alignment weakly resembles the strand-specific patterns of pol δ (Figure [1](#F1){ref-type="fig"}, light green lines) and α (Figure [1](#F1){ref-type="fig"}, light red lines), which primarily synthesize the lagging strand and show a behavior contrary to the localization of pol ϵ (Figure [1](#F1){ref-type="fig"}, light blue lines), which primarily synthesizes the leading strand during replication.

![Strand specific tracking of DNA polymerases ϵ, α, δ and η on chromosome 10 in yeast deficient or proficient in *RAD1* or *REV3*. Fraction of ends from the *pol2-M644G rnh201Δ rad1Δ rev3Δ* strain mapping to the top strand (blue). Fraction of ends from *pol1*-*Y869A rnh201Δ rad1Δ rev3Δ* strain mapping to the top strand (red). Fraction of ends from *pol3-L612G rnh201Δ rad1Δ rev3Δ* strain mapping to the top strand (green). Fraction of ends from *rad30-F35A rnh201Δ rad1Δ rev3Δ* strain mapping to the top strand (purple). Light blue, light red, light green and light purple lines correspond to the *RAD1* and *REV3* proficient parent strains. Confirmed origins of replication are depicted as red diamonds. Top: map of chromosome 10 showing the fraction of reads mapping to the top strand in bins of 200 bp. Middle: 200 kb region of chromosome 10. Bottom: 70 kb region of chromosome 10. All lines show average values from three independent libraries.](gky1291fig1){#F1}

Strand specific tracking of replicative DNA polymerases in the absence of NER and pol ζ {#SEC3-2}
---------------------------------------------------------------------------------------

Based upon previous studies in *Escherichia coli*, NER serves as a back-up pathway to remove ribonucleotides incorporated into DNA in the absence of RER ([@B19]). For this reason, a yeast strain also deficient in NER (by deletion of *RAD1*) was employed. To potentially increase the access of pol η to undamaged DNA, the strains were also deficient in the low-fidelity DNA pol ζ, which plays a major role in promoting spontaneous mutagenesis in yeast. To determine whether this genetic background still reflects the previously described division of labor among replicative polymerases, we used steric gate variants of pols α, δ and ϵ in this genetic background and mapped the location of the incorporated ribonucleotides. The eight investigated strains included one wild-type strain, two variants of pol ϵ (*pol2-M644G* and *pol2-M644L*), two variants of pol α (*pol1-Y869A* and *pol1-L868M*), two variants of pol δ (*pol3-L612G* and *pol3-L612M*) and one pol η variant (*rad30*-*F35A*). Previously, it was shown that in a *RNH201* deficient yeast background, the *pol2-M644G* strain incorporates more ribonucleotides than the wild-type enzyme on the leading strand, the *pol2-M644L* strain incorporates less ribonucleotides than the wild-type enzyme, the *pol1-Y869A* strain incorporates more ribonucleotides than *pol1-L868M* on the lagging strand and the *pol3-L612G* strain also incorporates more ribonucleotides than the *pol3-L612M* strain on the lagging strand ([@B3]). A summary of strains and genotypes used in this work can be found in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. We analyzed three independent libraries for each of the *RAD1* and *REV3* deficient strains and calculated the mean Spearman correlation coefficient for each library, for all 16 nuclear chromosomes of the same genotype on both forward and reverse strand ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Differences between different steric gate mutants of the same polymerase (e.g. pol α-869A and pol α-L868M) can be explained by distinct ribonucleotide incorporation signatures, resulting in distinct ratios of incorporated ribonucleotides ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) and possibly differing behavior depending on the sequence context, while a high correlation between replicates of the same strain was observed.

We plotted average values from three replicates of chromosome 10 for each of the steric gate variants deficient in *RAD1* and *REV3*: maps of *pol2-M644G, pol1-Y869A, pol3-L612G* (Figure [1](#F1){ref-type="fig"}, blue lines, red lines, green lines, respectively) were compared to the maps that were previously made using strains proficient in *RAD1* and *REV3* (Figure [1](#F1){ref-type="fig"}, light blue lines, light red lines and light green lines, respectively) ([@B3]). 5′-ends from the *pol2-M644G rnh201Δ rad1Δ rev3Δ* strain (Figure [1](#F1){ref-type="fig"}, blue lines) aligned with the *pol2-M644G rnh201Δ* strain (Figure [1](#F1){ref-type="fig"}, light blue lines). 5′-ends from the *pol1*-Y869A *rnh201Δ rad1Δ rev3Δ* strain (Figure [1](#F1){ref-type="fig"}, red lines) aligned with the *pol1-Y869A rnh201Δ* strain (Figure [1](#F1){ref-type="fig"}, light red lines). 5′-ends from the *pol3-L612G rnh201Δ rad1Δ rev3Δ* strain (Figure [1](#F1){ref-type="fig"}, green lines) aligned with 5′-ends from the *pol3-L612G rnh201Δ* strain (Figure [1](#F1){ref-type="fig"}, light green lines). These observations were also made for the two other variants of pol α and δ ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}): The 5′-ends from the *pol1-L868M rnh201Δ rad1Δ rev3Δ* strain (red lines) aligned with the *pol1-L868M rnh201Δ* strain (light red lines) and the 5′-ends from the *pol3-L612M rnh201Δ rad1Δ rev3Δ* strain (green lines) aligned with the 5′-ends from the *pol3-L612M rnh201Δ* strain (light green lines). Equally, the Spearman correlation coefficients of these libraries reflect this behavior ([Supplementary Figures S3 and S5](#sup1){ref-type="supplementary-material"}). Interestingly, the fraction of ribonucleotides incorporated by pol η showed a higher strand-specificity for the lagging-strand in the *RAD1 REV3* deficient background (purple lines). Based on these observations, it is possible that pol η may also be involved in some leading strand synthesis during normal DNA synthesis, when pol ζ is present. The contribution of pol η and ζ on the leading strand maybe be necessary at difficult to replicate regions where pol ϵ may stall. Further studies are needed to clarify the role of η and ζ on the leading strand (such as a mediating role for pol ζ), for example by tracking steric gate variants of DNA polymerase ζ when pol η is absent or present. Alternatively, a bias of NER for the lagging strand, as was recently found in human time series excision repair sequencing data ([@B31]), could contribute to a lower level of detectable ribonucleotides on the lagging strand in the *RAD1 REV3* proficient background, therefore leading to a less clear detection of pol η in this genetic background. It also should be noted that it is possible that DNA synthesis on the lagging strand by pol η may be less frequent in a wild type strain. It is conceivable that the lagging strand specificity observed in this study may be due to strand-displacement DNA synthesis of DNA polymerase η during Okazaki fragment maturation, an activity that has been observed on homologous recombination, e.g. in humans ([@B13]) rather than during replication.

To assess pol η usage genome-wide in the *RAD1 REV3* deficient background, 5′-end read counts of the pol η steric gate mutant were plotted for all 16 nuclear chromosomes and the same alternating pattern of alignment to both strands was observed. Figure [2](#F2){ref-type="fig"} shows representative graphs for all chromosomes of all four polymerases combined (note that the fraction of ends mapping to the top strand was used for pol ϵ, while the fraction mapping to the bottom strand was used for the other polymerases. Again, pol η acts on the lagging strand, following the pattern of pol α and δ. Taken together, these results support the idea of strand-specific pol η usage and its coupling to lagging strand replication in an undamaged cell.

![Genome-wide tracking of DNA polymerases ϵ, α, δ and η in yeast deficient in *RAD1* and *REV3*. Fraction of reads mapping to the top (*pol2-M644G rnh201Δ rad1Δ rev3Δ* strain, (blue)) or bottom (*pol1-Y869A rnh201Δ rad1Δ rev3Δ* strain (red), *pol3-L612G rnh201Δ rad1Δ rev3Δ* strain (green) and *rad30-F35A rnh201Δ rad1Δ rev3Δ* (purple)) strand genome-wide. Confirmed origins of replication are depicted as red diamonds. All lines show average values from 3 independent libraries.](gky1291fig2){#F2}

We conclude that deletion of *RAD1* and *REV3* does not disrupt the division of labor previously observed for replicative polymerases during normal growth. This indicates that, in a yeast strain deficient in *RAD1* and *REV3*, pol η primarily synthesizes DNA on the lagging strand, where it competes with pols α and δ (Figure [1](#F1){ref-type="fig"}, bottom panel). Furthermore, these data suggest a direct role of pol η in general lagging strand DNA synthesis.

Pol η usage at replication origins {#SEC3-3}
----------------------------------

Previously, it has been shown that switching between DNA strands of replicative polymerases occurs over several hundred base pairs centered on the autonomously replicating sequence (ARS) consensus sequence (ACS) ([@B3]). Moreover, the site of the observed transitions of pols α, δ and ϵ between the two strands, coincide with confirmed replication origins (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, [Supplementary Figures S1 and S4](#sup1){ref-type="supplementary-material"}, red diamonds) ([@B32]). Similarly, we also made this observation for pol η: Heat maps (Figure [3](#F3){ref-type="fig"}, upper panels) and meta-analysis (Figure [3](#F3){ref-type="fig"}, lower panels) of 5′-ends in 50-bp bins near ACS revealed that pol ϵ has a relatively sharp transition between the strands, while the transition for pol α and δ seems less rapid. We also observed a pattern for the transition of pol η at ACS that shows the same directionality as the transitions of pol α and δ. It is however less sharp than for pol α and δ. This observation of strand transition alongside pol α and δ further supports the idea of pol η being linked to the lagging strand replication.

![Tracking of DNA polymerases ϵ, α, δ and η near replication origins in *rad1Δ* and *rev3Δ* strains. Heat maps (upper panel) for the top (+) and bottom (--) strands of the nuclear genome for steric gate variants of pol ϵ, α, δ, η, η (1--622) and pol η with *rnh201-P45D-Y219A* allele. Counts are scaled per million reads and centred across a 4 kb window of the yeast replication origins (ACS ([@B32])). Meta-analysis (lower panels) of strand specific ribonucleotides in steric gate mutant strains of pol ϵ, α, δ and η at ACS, scaled as reads per million (RPM) and in bins of 50 bp.](gky1291fig3){#F3}

Lagging strand synthesis involves the synthesis of thousands of Okazaki fragments and each 3′-end may be a substrate for pol η. Moreover, pol η may be recruited to the lagging strand by PCNA or Rev1 via the C-terminus of pol η, which contains a PIP and Rev1-interacting region (RIR). To determine if pol η is recruited to the lagging strand through this domain, we deleted the ten C-terminal amino acid residues containing the PIP and RIR motif ([@B33],[@B34]) in pol η-F35A and tracked where this polymerase variant, *rad30-F35A(1--622)*, incorporated ribonucleotides. We plotted the strand bias across origins of replication and this variant did not display any lagging strand preference, thus we conclude that pol η is recruited to the lagging strand through its 10 C-terminal amino acid residues containing the conserved PIP and RIR motifs (Figure [3](#F3){ref-type="fig"}).

To characterize how pol η-F35A incorporates ribonucleotides *in vivo*, we wanted to determine if pol η-F35A incorporates single ribonucleotides, or multiple consecutive ribonucleotides, by replacing the *rnh201Δ* allele with the *rnh201-P45D-Y219A* allele. This allele retains the ability to nick at polyribonucleotide tracts, but not at single ribonucleotides ([@B18]). Reads were again centred across a 4-kb window of the origins and we determined the strand specificity of pol η*-*F35A, when only stretches of ribonucleotides are repaired (Figure [3](#F3){ref-type="fig"}). We observed that the lagging strand specificity was completely abolished and in contrast, we observed an increase in ribonucleotides in the region of 0--0.5 kb on the top strand and --0.5 to 0 kb on the bottom strand. This suggests that the majority of ribonucleotides incorporated by η-F35A are short stretches of multiple consecutive ribonucleotides.

Sequence context-dependent template usage by pol η {#SEC3-4}
--------------------------------------------------

To further characterize the behavior of pol η-F35A, we identified the dinucleotide sequences containing incorporated ribonucleotides in the *rad30-F35A rnh201Δ rad1Δ rev3Δ* strain and compared it to the *rnh201Δ rad1Δ rev3Δ* strain. Based on the strand bias maps for the three replicative polymerases, we binned the dinucleotide template sequences corresponding to lagging strand sequences (Figure [4](#F4){ref-type="fig"}, upper panel), neither lagging strand nor leading strand (Figure [4](#F4){ref-type="fig"}, middle panel), or leading strand dinucleotide sequences (Figure [4](#F4){ref-type="fig"}, lower panel). Again, we found that pol η-F35A incorporates more ribonucleotides on the lagging strand as signified by ratios greater than 1 (Figure [4](#F4){ref-type="fig"}, upper panel), while ratios below 1 were calculated for the leading strand (Figure [4](#F4){ref-type="fig"}, lower panel). Without any sequence context dependence, the expected enrichment of dimers compared to the observed dimer bases on the DNA context ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) will result in a ratio of 1 and a paired two-tailed *t*-test comparing the observed versus expected enrichment factors gives p-values of 3.8 × 10^−6^, 3.1 × 10^−2^, 5.1 × 10^−16^ for dimers replicated as lagging, none and leading strand, respectively. Of the 16 possible dimers, the seven with greatest increase in reads all contained a template T. Most ribonucleotide incorporation was detected for a T--T template, where a 2.2-fold increase in reads was observed. Assuming that consecutive rAs can be incorporated opposite template T--T as seen *in vitro* ([@B18]), the ratio for rA--rA incorporation may be underestimated by our method, because it does not allow a distinction between one, or multiple consecutive ribonucleotides.

![Dinucleotide template sequences associated with HydEn-seq sequencing reads of pol η-F35A. Bars show the relative ratio of read counts from the *rad30*-*F35A rnh201Δ rad1Δ rev3Δ* strain compared to the *rnh201Δ rad1Δ rev3Δ* strain by template dimer from either the lagging strand (upper panel), neither leading nor lagging strand (middle panel) or leading strand (lower panel). Values are from three independent libraries. Error bars show the standard error of the mean.](gky1291fig4){#F4}

Deletion of T:A base pairs in *CAN1* {#SEC3-5}
------------------------------------

Previously, spontaneous mutation types caused by pol η-F35A were analyzed using the *CAN1* forward mutation assay ([@B18]). Expression of *rad30-F35A* in the *rnh201Δ rad1Δ rev3Δ* background increased the overall mutation rate 2.5-fold compared to the *RAD30 rnh201Δ rad1Δ rev3Δ* strain. The overall rate of one base pair substitutions and 2--5 base pair deletions are similar, but surprisingly there was a 17-fold increase in mutation rate for single base pair deletions. Single base pair deletions were observed 73 times at 7 different positions (positions 165--167, 387--389, 540--543, 936--939, 1022--1025, 1048, Figure [5A](#F5){ref-type="fig"}) on the *CAN1* gene. These deletion events corresponded to 69 T deletions, 3 G deletions and 1 C deletion on the coding strand. The 69 T deletions can either result from deletion of a template T on the coding strand, or deletion of template A on the non-coding strand. When the pol η-F35A variant incorporated ribonucleotides *in vitro*, only the incorporation opposite a template T was efficient ([@B18]). Using single base pair deletion events in the *CAN1* gene as a marker of replication enzymology combined with the *in vitro* assays demonstrating that the steric gate variant preferably uses T as a template, suggests that the T:A base pair deletions are a result of pol η replicating A on the non-coding strand, but these data do not show if this strand bias is related to specific leading, or lagging, strand synthesis.

![Strand specific mapping of pol η mutational signatures using T--A deletions in yeast or TA→TG mutations in humans. (**A**) Preferential replication of the lagging strand template by pol η-F35A. The orientation of the *CAN1* reporter is indicated by the direction of the arrow. Deletion hotspots are identified numerically within the arrow. The deletion hotspot sequences are shown in bold. (**B**) Fraction of reads mapping to the top strand on chromosome 5 from 0--80 kb and origins of replication around *CAN1*. (**C**) Ratio of likely pol η-induced mutations (TA\>TG) between the top and bottom strand in 100 kb bins around 1047 origins of replication in human melanomas (*n* = 221). (**D**) Model of lagging strand specific recruitment of pol η. Pol η is recruited to the lagging strand through the PCNA binding motif (PIP) and has a preference for T--T dinucleotide sequences in the template.](gky1291fig5){#F5}

*CAN1* is located on chromosome 5 at position 31,694--33,466. A confirmed origin, ARS504.2, is located 20 kb upstream of the *CAN1* reporter gene, while the closest confirmed origin downstream is ARS507 and located 26 kb away. Based on the two origins' distance from the *CAN1* reporter gene, it is not possible to determine if the non-coding strand is replicated as the leading, or lagging strand. To determine on which strand pol η is replicating *CAN1* using ribonucleotides as a marker of replication enzymology, we used the HydEn-seq method and plotted the fraction of reads that mapped to the top strand for *rad30-F35A rnh201Δ rad1Δ rev3Δ* in a region spanning 0--80 kb of chromosome 5 (Figure [5B](#F5){ref-type="fig"}). From the HydEn-seq data, we observe that at ARS507, pol η-F35A demonstrates an abrupt change in strand preference, while at ARS504.2, pol η does not demonstrate a clear transition between the strands. As a consequence of the clear, abrupt change of strand preference at ARS507, we observe that the non-coding strand of *CAN1* is replicated by pol η-F35A. These data imply that single base pair deletions found in the *CAN1* reporter gene are a result of ribonucleotide incorporation by pol η-F35A on the non-coding strand and HydEn-seq data confirms that pol η is replicating the non-coding strand of *CAN1* as the lagging strand.

Strand preference for pol η induced mutations in melanomas {#SEC3-6}
----------------------------------------------------------

To investigate if the strand bias of pol η found in *S. cerevisiae* is evolutionarily conserved in humans, we studied the replication strand bias of likely pol η-induced mutations in melanoma. Human pol η preferentially causes WA**→**WG transitions that arise when a template T is mispaired with a G ([@B35],[@B36]). Among these transitions, the TA**→**TG substitutions are particularly useful when assessing strand asymmetry since this dinucleotide is present in equal numbers on both strands. Recently, the majority of substitutions at A:T base pairs in melanoma have been estimated to be caused by pol η acting on undamaged DNA ([@B37]). In a cohort of 221 melanomas subjected to whole genome sequencing ([@B27],[@B29]), we identified 313 751 TA**→**TG mutations and they showed a weak strand bias around predicted origins of replication ([@B25]) consistent with a likely lagging strand preference for human pol η (Figure [5C](#F5){ref-type="fig"}). This finding was recently further supported in the analysis of damage sequencing data in UV-treated human fibroblasts, that suggested TLS of bulky lesions is giving rise to mutations during replication ([@B31]).

DISCUSSION {#SEC4}
==========

DNA polymerase η is best characterized as a TLS polymerase. *In vitro* studies in *S. cerevisiae* suggest that pol η has an ability to bypass a variety of DNA lesions including *cis--syn* T--T dimers ([@B7],[@B8]), C--C and T--C photoproducts ([@B38]) and 7,8-dihydro-8-oxoguanine (8-oxoG) ([@B39],[@B40]). Moreover, *in vivo* studies support pol η's relevance in the bypass of *cis-syn* T--T dimers ([@B41],[@B42]) and 8-oxoG ([@B43]). In addition to its role in specific lesion bypass, pol η has been shown to be involved in other cellular processes, such as somatic hypermutation, replication of common fragile sites and maintenance of telomere DNA ([@B12],[@B17],[@B37]).

As previously shown for the whole yeast genome, replicative polymerases perform DNA synthesis in a pattern reflecting the course of leading and lagging strand synthesis during replication ([@B3]). The results of our current study illustrate that under normal growth conditions and in the absence of NER and the TLS polymerase ζ, pol η is mainly active on the lagging strand (Figure [5D](#F5){ref-type="fig"}) and the recruitment of pol η to the lagging strand has a mutational cost in humans (Figure [5C](#F5){ref-type="fig"}). The observed increase in rA incorporation at undamaged template T--T is most likely related to pol η's main role in accurately replicating past *cis--syn* T--T dimers ([@B7]). The lagging strand specificity of pol η is consistent with studies of the related Y-family TLS polymerases, pol IV and pol V, in *E. coli* (reviewed in ([@B44])). In this case, pol IV and pol V may gain access to abandoned primer termini generated by pol I during Okazaki fragment processing, and thereby become recruited to the lagging strand ([@B45]). Our results are also consistent with studies in budding yeast, where pol η was mainly found to be involved in bypass of 8-oxoG lesions on the lagging strand in a forward mutation assay ([@B48]). Our findings are furthermore consistent with structure-function studies of pol η, where it was demonstrated that the PIP motif in pol η is essential for interaction with proliferating cell nuclear antigen (PCNA) ([@B33]). Accessibility of specialized TLS polymerases to undamaged DNA therefore appears to be conserved throughout evolution and TLS polymerases may have increased accessibility at lagging strand templates which are not efficiently repaired by NER.

Our findings suggest that the concept of the division of labor among replicative DNA polymerases may extend to the specialized DNA pol η. It seems reasonable to hypothesize that this is connected to the different mechanisms of leading and lagging strand synthesis: After pol α has synthesized a primer, pol δ performs the majority of DNA synthesis of the Okazaki fragment. In contrast to the lagging strand mechanism, leading strand replication involves pol ϵ, which performs the majority of continuous DNA synthesis. Current models suggest that the stalling of pol ϵ still allows continuous unwinding of the template strands so that lagging strand synthesis may continue ([@B5]). Uncoupling of helicase and pol ϵ may thus expose a relatively large stretch of single stranded DNA. Post-replicative gap filling by specialized TLS polymerases other than pol η, or template switching, are strategies to tolerate such lesions. In both cases, the extension after successful bypass of the replication stalling lesion may be performed more efficiently by another (TLS) DNA polymerase. The genetic background of the strains investigated in our study suggests, however, that pol ζ is not essential for this process.

Why the recruitment of pol η to the lagging strand is facilitated remains to be fully elucidated. The ring-shaped homotrimeric PCNA, a protein belonging to the sliding clamp family ([@B49]), was identified as an auxiliary protein of pol δ ([@B50]). It plays a role in modulating replication fork assembly and replicative polymerase activities ([@B51]). It serves as a platform to mediate a number of cellular processes ([@B54]) including DNA repair ([@B55]) as well as an inheritance and formation of chromatin structures ([@B56],[@B57]). Furthermore, links between PCNA and TLS have been discovered ([@B58],[@B59]) and PCNA may act as a 'tool belt' to facilitate polymerase switching. Our data supports the idea, that when pol δ is stalled, it may be exchanged for pol η via its PIP motif ([@B58]). Pol η can then bind to the template DNA and bypass replication-blocking lesions, thereby providing tolerance to DNA damage. In particular, PCNA was shown to physically interact with the C-terminus of pol η, to stimulate its activity together with replication factor C and replication protein A *in vitro* and to be essential for pol η-mediated UV resistance *in vivo* ([@B33]). Whether the ubiquitination status of PCNA has an effect on the TLS efficiency or if it is merely relevant to the recruitment and polymerase switch remains controversial ([@B59],[@B60]). It would be interesting to track the genome-wide effects of PCNA dysregulation on *in vivo* polymerase utilization. It is possible that pol η's strand-specific usage would switch to also include the leading strand when cells are challenged with UV-light, DNA-modifying agents, or when the competing TLS polymerase, pol ζ, is available. These possibilities can be determined tracking enzyme activity through ribonucleotide incorporation as outlined here.

DATA AVAILABILITY {#SEC5}
=================

The sequencing data has been deposited in the Gene Expression Omnibus database under accession no. GSE110241. Custom scripts are available upon request to the corresponding author.
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